In a suspension of spinach chloroplasts the fluorescence of atebrin and other uncoupling acridine dyes is quenched upon energization which is associated with a proportional binding of the dyes to the organelles. There is a stoichiometric relation between the amount of dye bound and the actual steady state level of energy. When the concentration of atebrin is increased in energized chloroplasts the fluorescence is completely quenched until a certain concentration is attained above which the response sharply declines. Such titrations with atebrin were carried out under conditions of partial electron transport governed by photosystems I and 1I, in the presence of 3-(3,4-dichlorophenyl)-l, l-dimethylurea and cyanide, respectively, and of complete electron transport governed by the two photosystems. The sum of the saturating amounts of atebrin obtained in these partial electron flow systems equals that obtained in the complete system. This lends strong support to the view that two sites of energy conservation are coupled to the linear photosynthetic electron transport.
The fluorescent uncoupler atebraine' (atabrine, quinacrine, mepacrine) was found to monitor the energy level in chloro- 'Abbreviations: atebrin: 9-(4-diethylamino-1-methylbutylamino)-6-chloro-2-methoxyacridine; DAD: diaminodurene, 2,3,5, 6-tetramethyl-p-phenylenediamine; DAD..: oxidized diaminodurene (pbenzoquinonediimide); PMS: phenazine methosulfate; DCMU: 3-(3 ,4-dichlorophenyl)-1, 1-dimethylurea; S-13: 5-chloro-3-t-butyl-2'-chloro-4'-nitro-salicylanilide.
plasts (16) . The usefulness of this fluorochrome as a sensitive energy probe has since been well established for other organelles including coupled membrane particles of Azotobacter vinelandii (10) and beef heart mitochondria (4, 17, 21), chromatophores (11) , and subchloroplast particles (25) . Energization of these organelles leads to a more or less complete quenching of the atebrin fluorescence which goes hand in hand with a proportional binding of atebrin to the organelles. Similar fluorescence or absorption changes and concomitant binding changes have been observed with other acridine dyes in both mitochondrial and chloroplast preparations (4, 9, 18, 26) . When energized chloroplasts were titrated with atebrin an almost complete fluorescence quenching was observed until a certain concentration was attained, and above which the response sharply declined (16) . This saturating atebrin concentration is proportional to the amount of chloroplasts and the rate of electron transport; it was decreased by additional uncouplers and increased at lower temperatures where the energylinked proton uptake was virtually absent (19) . Apparently, the maximal amount of probe bound is a measure of the actual steady state level of energy in the chloroplasts. This property might therefore be helpful in resolving the problem of multiple energy-conserving sites in photosynthetic electron transport.
The question as to what is the direct energy source for the acridine binding and what physicochemical mechanism underlies the fluorescence (or absorption) changes (4, 9, 11, 21, 25. 26) has been dealt with elsewhere (18, 20) . It does not affect the validity of the use of these compounds as stoichiometric energy probes.
In this paper we describe the energy-linked probe responses in different electron transport systems. The relative energy levels have been estimated for various segments of the photosynthetic electron transport chain as well as under conditions of ATP hydrolysis. The effect of removal and recoupling of the chloroplast-coupling factor (CF,) (2, 28) on these probe responses has also been studied.
MATERIALS AND METHODS
Chloroplasts were isolated from spinach (Spinacia oleracea L.). Coupled chloroplasts were prepared essentially as described before (24) . Leaves ATPase experiments were performed with a sensitive pHrecording device consisting of an Ingold combination electrode, a pH-measuring circuit (essentially two Analog 311 J operational amplifiers), and a potentiometric recorder (Varian). Calibration was done with standardized amounts of acid or base. For calculation of ATP hydrolysis the correction factor of Chance and Nishimura (8) 
RESULTS

Atebrin Fluorescence Lowering in Different Cyclic and
Noncyclic Electron Transport Systems. Figure 1 illustrates the light-induced lowering of atebrin fluorescence in the presence of different amounts of ferricyanide. The moment of complete reduction of the acceptor is detected by a reappearance of the fluorescence and there is a good correlation between the amount of added ferricyanide and the time required for its reduction as monitored by the fluorescent probe. A fairly linear ferricyanide reduction was also observed spectrophotometrically. The slower return of the fluorescence in the case of the high ferricyanide concentration (A) is probably due to a larger excess of energy built up here as compared to experiment B (19) . The atebrin fluorescence lowering was also produced in the presence of other electron transport mediators, such as methylviologen, diquat, NADP+ plus ferredoxin, pyocyanine, PMS, and DAD.
DAD is of particular interest as an electron transport mediator since it can be used in three clearly distinguishable manners. First, if added alone, it induces a photosystem I-catalyzed and DCMU-insensitive cyclic electron transport (12) . Second, in the presence of ascorbate as electron reservoir and methylviologen (or diquat) as acceptor, DAD provides electrons for a photosystem I-mediated, DCMU-insensitive electron flow (13) . Third, if kept oxidized by ferricyanide, it serves as an electron acceptor for a DCMU-sensitive noncyclic electron flow (24) . The unique feature of this DAD..-supported Hill reaction is that the electron transport and associated phosphorylation is insensitive to KCN treatment, whereas typical noncyclic systems (H2,O -methylviologen or H10 -e ferni- (Fig. 1 Figure 3A for the partial and complete electron flow systems. The estimated saturating atebrin concentrations are indicated at the inflection points. Since the saturating probe concentration is dependent on the rate of electron transport (16, 20) the observed values have been compared on the basis of equal rates of electron transport (measured in parallel experiments) and equal amounts of chlorophyll. In doing so one arrives at the "atebrin/e2" ratios as given in Table I . Such ratio may be considered as an arbitrary expression of the efficiency of the primary step(s) of energy coupling or the energv level under the particular condition. Similar titrations have been performed under conditions of ATP hydrolysis, where the rate of the ATPase was varied by low Dio-9 concentrations, in both control and cyanide-treated chloroplasts (Fig. 3B) . The ATPase was triggered by preillumination of the chloroplasts in the presence of Mg-', pyocyanine, and a sulfhydryl compound (23) . The ATP was rapidly added when the light was turned off, after which the atebrin was titrated into the suspension. The obtained saturating amounts of atebrin were again compared on the basis of equal rates of ATP hydrolysis (measured in the presence of the saturating atebrin concentration, which did not affect the rate of the ATPase) so as to arrive at the "atebrin/ATP" ratios ( Table  I) . The atebrin/ATP ratio is in fact indicating the efficiency of energy generation by ATP hydrolysis.
Effect of Removal of the Chloroplasts Coupling Factor (CF1) on the Light-induced Quenching of Atebrin Fluorescence. Figure 4 pictures the light-induced atebrin fluorescence lowering (mediated by pyocyanine) in control chloroplasts, EDTA-uncoupled, and partially (approximately 30%) recoupled chloroplasts as a function of atebrin concentration. It is obvious from this experiment that when the ATPase molecules are removed from the chloroplast membranes by EDTA the probe response is severely inhibited. Recoupling of the ATPase largely restores the response at the lower atebrin concentrations.
Other Acridine Fluorochromes. A number of acridine and (Fig. 3) are expressed as nanomoles/mg of chlorophyll. The atebrin/e2 and atebrin/ATP ratios are expressed as nanomoles of atebrin bound per mg of chlorophyll at a rate of electron transport or ATP hydrolysis of 1 ,umole/min -mg of chlorophyll. The reaction conditions were as described in Figure 3 . fluoresceine derivatives have been previously tested with respect to their energy-linked fluorescence changes and uncoupling capacity (18) . No clear correlation between the two properties was found. At present, we have synthesized a large number of acridine homologues (20) and have studied their behavior in chloroplasts. In these series of compounds we found that a high uncoupling capacity of the dyes goes hand in hand with a typical titration behavior as described here for atebrin.
9-Aminoacridine, 9-methylamino-6-chloro-2-methoxyacridine, and 9-methylglycine-6-chloro-2-methoxyacridine are weak uncouplers of photosynthetic phosphorylation (18, 26) . The extent of their energy-linked fluorescence lowering is smaller than that of atebrin at lower concentrations (up to 5 ItM) but it increases (to 75 to 80% quenching) at higher concentrations (up to 20 ,uM) after which it declines again (20) . There is no sharp titration curve obtainable with these probes.
On the other hand, 9-amino-6-chloro-2-methoxyacridine, 9-(3-dimethylaminopropylamino)-6-chloro-2-methoxyacridine, 9- propylaminopropylamino-6-chloro-2-methoxyacridine, methylamino-bis(9-propylamino-6-chloro-2-methoxyacridine), and 3,6-dimethylaminoacridine (Acridine Orange) are all potent uncouplers and show a similar titration pattern as atebrin.
DISCUSSION
From these and other (16, 20) experiments it is obvious that atebrin and related uncoupling fluorochromes can provide useful information about the occurrence and location of energyconserving reactions.
The two DAD-mediated partial electron flow systems (H20 e DADoX and DAD --diquat) enable the study of pure photosystem II-and photosystem I-governed reactions, respectively. Surprisingly, the sum of the atebrin/e2 ratios obtained in these (presumably) nonoverlapping systems comes close to the ratio obtained in the complete system. These observations are in harmony with the apparent efficiencies of phosphorylation associated with these electron transport reactions. A P/e2 ratio of 0.5 (0.3 in KCN-treated chloroplasts) has been found for the photosystem II-dependent partial reaction (H20 e-DADO,) (24) and 0.4 for the photosystem I-dependent partial reaction (DAD -e methylviologen) (13) . The sum of these values (0.7 to 0.9) is reasonably close to the stoichiometry of phosphorylation (P/e2 1.0) associated with the complete noncyclic system (H20 e_ methylviologen). This lends rather strong support to the view that two sites of energy conservation are associated with the linear photosynthetic electron transport chain (7, 14, 22, 24, 29) . In the absence of any knowledge of the exact site of DAD oxidation or DADox reduction one may only speculate about the location of the two coupling sites. There is circumstantial evidence which suggests that one site may occur at the water oxidation step (7, 29) . Other specific locations were recently suggested by Ben Hayyim and Avron (5) and by Bohme and Cramer (6) . An established fact remains that any energy-conserving site coupled to noncyclic electron flow resides before cytochrome c. (cyt f) (3) .
Both probe responses (as shown here) and actual phosphorylation experiments (R. Ouitrakul and S. Izawa, unpublished observations) agree in that the PMS-mediated cyclic electron flow by-passes the KCN inhibition site (i.e., plastocyanin). This may be explained by assuming the existence of an energyconserving site associated with this type of cyclic electron flow (and different from any "noncyclic site") but other explanations are possible. Further discussions of the exact location of coupling sites are beyond the scope of this paper, however.
The atebrin/ATP ratio (Table I) is considerably smaller than the atebrin/e2 ratio in the uninhibited system. Since the atebrin/ATP ratios are the same in control and cyanide-treated chloroplasts it seems that the inhibitor does not perturb the energy-conserving apparatus. (The same ratio was also found in the presence of DCMU.) When energy is generated from ATP hydrolysis, probably all energy-conserving sites are involved since all partial electron flow systems tested here are capable of ATP synthesis (13, 24, 27) . The low atebrin/ATP ratio is probably due to a less efficient energy generation by the ATPase.
The chloroplast ATPase or coupling factor (CF,) seems to be peripherally localized on the thylakoid membranes and $100_ Light-induced quenching of atebrin fluorescence in control chloroplasts, EDTA-uncoupled and recoupled chloroplasts. The standard medium (Fig. 1 ) contained in addition 5 ,uM pyocyanine and 41 ,ug chlorophyll/ml. rather vulnerable to damage or change under isolation and incubation conditions, which may reduce the activity of the ATP-synthesizing (or hydrolyzing) mechanism. Removal of the coupling factor from the membrane by EDTA treatment apparently abolishes (reversibly) the atebrin response (Fig. 4) . This can be explained by a general membrane deterioration caused by stripping off the enzyme, rather than by a specific effect on the probe response, since in coupled chloroplasts the light-induced atebrin response occurs in the presence of Dio-9 concentrations that completely block the ATPase reaction (16) . From 
